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We investigate charge pumping in ferromagnet/triplet superconductor junctions where the mag-
netization of the ferromagnet is inhomogeneous and dynamical. It is shown that charge current
is pumped due to the coupling of the localized spins with triplet vector chirality, vector chirality
formed by the triplet vector of Cooper pairing. Physical mechanism of the charge pumping is also
discussed.
PACS numbers: 73.43.Nq, 72.25.Dc, 85.75.-d
Spintronics aims to manipulate electron’s spin electri-
cally or control electron transport magnetically. Spin
current, a flow of spin angular momentum carried by elec-
trons, is one of central concepts in spintronics. There are
several methods to create spin current. Among them,
spin current generation by precession of magnetization,
called spin pumping, has been widely used.1–3 Pumped
spin current can be converted into electric signal by the
inverse spin Hall effect4,5 where the conversion occurs
due to spin-orbit coupling. In this way, charge current
is generated by magnetization dynamics. In this paper,
we address the problem of conversion of magnetization
dynamics into charge current in ferromagnet/triplet su-
perconductor junctions.
Spintronics is also relevant to triplet superconductor
since Cooper pairs have spin degree of freedom.6 To date,
several materials such as Sr2RuO4
7,8 and UPt3
9 have
been identified as triplet superconductors. When triplet
superconductivity and magnetism coexist, one may ex-
pect remarkable interplay between them since both have
spin degree of freedom. In fact, it has been shown
that, in ferromagnetic Josephson junctions with triplet
superconductors, the interplay between triplet supercon-
ductivity and magnetism is manifested in the Joseph-
son current.10,11 This interplay has also been investi-
gated in ferromagnetic superconductors where ferromag-
netism and triplet superconductivity coexist in the bulk
state.12,13 Also, Josephson junctions composed of triplet
superconductor have been fabricated to identify the pair-
ing symmetry of triplet superconductors.14–16
In this paper, we study charge pumping in ferromag-
net/triplet superconductor junctions where the magneti-
zation of the ferromagnet is inhomogeneous and dynami-
cal. It is shown that charge current is pumped due to the
coupling of the localized spins with triplet vector chiral-
ity, vector chirality formed by the triplet vector of Cooper
pairing. This can be also represented as a coupling be-
tween the pumed spin current and the triplet vector chi-
rality. Physical mechanism of the charge pumping is also
presented. This mechanism does not rely on spin-orbit
coupling in contrast to the previous mechanism of charge
pumping by magnetization dynamics4,5.
We consider a ferromagnet/triplet superconductor
junction where the magnetization of the ferromagnet is
FIG. 1: (Color online) Schematic of the model. Pumped
charge current jc,x(x, t) and the pumped spin current
jzs,y(x, t) ∝ ∇yS˙
z(x, t) for helical p-wave superconductivity
(Eq.(18)).
inhomogeneous and dynamical as shown in Fig. 1. The
Hamiltonian of the superconductor and the ferromagnet
are given by HS = H0+H∆ and HF = H0+Hex, respec-
tively. The H0, H∆ and Hex represent the kinetic energy,
the superconducting order, and the exchange interaction
between the conducting electron and the localized spins,
respectively:
H0 =
∑
k
φ†kξσ0⊗τ3φk, (1)
H∆ =
∑
k
φ†k [(d1 · σ)⊗ τ1 + (d2 · σ)⊗ τ2]φk, (2)
Hex = −J
∑
k,q
(φ†k−qσ ⊗ τ0φk) · Sq(t) (3)
with φ†k = (c
†
k↑, c
†
k↓, ic−k↓,−ic−k↑) and ξ =
h¯2k2
2m − εF .
Here, σ and τ are Pauli matrices in spin and Nambu
spaces, respectively. Also, εF , dj(j = 1, 2), J , and S
are the Fermi energy, the d-vector of triplet pairing, the
exchange coupling, and the localized spins, respectively.
The localized spins depend on space and time, but we
consider only slowly varying case. The dynamics of spins
can be driven by applying magnetic field. We take into
account Hex as a first order perturbation. Note that
we adopt the basis in Ref.17 such that singlet pairing is
proportional to the unit matrix in spin space. With the
2FIG. 2: (Color online) Mechanism of the charge pumping.
The dynamics of the localized spins is transferred to the
triplet Cooper pairing via the exchange coupling. The charge
pumping occurs by the dynamics of the Cooper pair with
charge −2e.
above Hamiltonians, the charge (jc,i) and spin current
(jαs,i) operators in i-direction read
jc,i = −
eh¯
m
kiσ0 ⊗ τ0, j
α
s,i =
h¯2
2m
kiσα ⊗ τ3 (4)
where α is the polarization direction of spin.
First, let us explain physical mechanism of the charge
pumping intuitively. The charge pumping occurs in the
ferromagnet by the motion of proximity induced Cooper
pairs as follows. In the ferromagnet, through the ex-
change coupling, Eq.(3), the dynamics of the localized
spins is transferred to the electron’s spin. Since Cooper
pair is formed by two electrons, the triplet vector also ac-
quires dynamics (triplet vector is defined in Eq.(5)). The
dynamics of the triplet vector is converted into motion
of the Cooper pair via the momentum dependence of the
triplet vector. Then, charge pumping occurs by the vi-
bration of the Cooper pair with charge −2e as depicted
in Fig. 2. This picture is supported by the analytical
expression of the pumped charge current (Eq.(15)).
Now, let us calculate the charge current and give the
analytical expression. We consider the unperturbed ad-
vanced Green’s functions in the ferromagnet of the form
gak,ω = g
a
0,k,ωσ0 ⊗ τ0 + g
a
3,k,ωσ0 ⊗ τ3
+(fa1,k,ω · σ)⊗ τ1 + (f
a
2,k,ω · σ)⊗ τ2 (5)
where ga0,k,ω and g
a
3,k,ω are normal Green’s functions
while fa1,k,ω and f
a
2,k,ω are 3D vector characterizing
anomalous Green’s function.18 The charge current can
be represented as19
jc,i(x, t) =
ih¯2e
mV
∑
k,q
e−iq·xTrkiG
<
k−q/2,k+q/2(t, t) (6)
where V is the total volume and Tr is taken over spin and
Nambu spaces. G<
k−q/2,k+q/2(t, t) is the lesser Green’s
function of the total Hamiltonian. Performing perturba-
tion with respect toHex, we expand the lesser component
using the advanced Green’s functions by the Langreth
theorem.19 Noting that g<
k,ω = fω
[
gak,ω − (g
a
k,ω)
†
]
with
the lesser Green’s function g<k,ω and the Fermi distribu-
tion function fω, we can compute the charge current.
The first order expansion with respect to J is thus given
by
jc,i(x, t) ∼= −
h¯2e
V m
J
∑
k,q,ω,Ω
e−iq·x+iΩtTrki
[
gk−q/2,ω−Ω/2(Sq,Ω · σ)⊗ τ0gk+q/2,ω+Ω/2
]<
∼=
4h¯2eJ
V m
∇lS˙
α(x, t)
∑
k,ω
f ′ωkiRe
[(
∂
∂kl
faj,k,ω × f
r
j,k,ω
)α]
(7)
where we assume that the frequency of spin dynamics Ω is
sufficiently large such that the equilibrium current is neg-
ligible compared to the dynamical one, and the repeated
indices α, l and j are summed over (α, l = 1, 2, 3, j =
1, 2). Eq.(7) is the central result of this paper. From
this equation, we find that coupling of the localized spins
with the triplet vector chirality in momentum space
∂
∂kl
faj,k,ω × f
r
j,k,ω (8)
yields the pumped charge current. Therefore, in the nor-
mal state or in the absence of the triplet vector chirality,
the pumped charge current vanishes.
Similarly, the spin current can be represented as
jαs,i(x, t) = −
ih¯3
2mV
×
∑
k,q
e−iq·xTrkiσα ⊗ τ3G
<
k−q/2,k+q/2(t, t). (9)
The spin current by the first order expansion with respect
to J can be calculated as
3jαs,i(x, t)
∼=
ih¯3
2mV
J
∑
k,q,ω,Ω
e−iq·x+iΩtTrkiσα ⊗ τ3
[
gk−q/2,ω−Ω/2(Sq,Ω · σ)⊗ τ0gk+q/2,ω+Ω/2
]<
=
4h¯3J
V m
∇lS
β(x, t)
∑
k,ω
fωkiIm
[
Λαβ,aak,ω
]
−
2h¯3J
V m
∇lS˙
β(x, t)
∑
k,ω
f ′ωki
[
δαβδilIm
{
−
∂
∂kl
gr0,k,ωg
a
3,k,ω + g
r
0,k,ω
∂
∂kl
ga3,k,ω
}
+Re
{
Λαβ,rak,ω
}]
(10)
where
Λαβ,aak,ω = −
(
∂
∂kl
fa1,k,ω
)β (
fa2,k,ω
)α
+
(
fa1,k,ω
)β ( ∂
∂kl
fa2,k,ω
)α
+ δαβ
(
∂
∂kl
fa1,k,ω · f
a
2,k,ω − f
a
1,k,ω ·
∂
∂kl
fa2,k,ω
)
+
(
∂
∂kl
fa2,k,ω
)β (
fa1,k,ω
)α
−
(
fa2,k,ω
)β ( ∂
∂kl
fa1,k,ω
)α
(11)
and Λαβ,rak,ω is defined by Λ
αβ,aa
k,ω with replacing f
a
1,k,ω by
fr1,k,ω. The first term in Eq.(10) corresponds to the equi-
librium spin current while the second term describes dy-
namical component of the spin current, namely pumped
spin current. Λ
αβ,aa(ra)
k,ω becomes zero when one of f
a(r)
1,k,ω
and fa2,k,ω is zero vector. Then, the equilibrium spin cur-
rent vanishes while the dynamical spin current can be
present. We also see from Eq.(10) that normal compo-
nent of the pumped spin current (the term containing
normal Green’s functions gr0,k,ω and g
a
3,k,ω) flowing in i-
direction with polarization direction α is proportional to
∇iS˙
α(x, t):20
j
(n)α
s,i (x, t) ∝ ∇iS˙
α(x, t). (12)
Hence, we can interpret the generation of charge pumping
as a result of the coupling of spin current in the normal
state j
(n)α
s,l (x, t) with the triplet vector chirality:
jc,i(x, t) ∝ j
(n)α
s,l (x, t)
∑
k,ω
f ′ωkiRe
[(
∂
∂kl
faj,k,ω × f
r
j,k,ω
)α]
.(13)
We see that the triplet vector chirality converts the
pumped spin current into charge current. Therefore, we
do not rely on spin-orbit coupling to generate charge cur-
rent (convert spin current into charge current) in sharp
contrast to the previous works4,5.
When the direction of triplet vectors are determined
only by the wavevector k, one can decompose the triplet
vectors as21
faj,k,ω = f
a
j,k,ωnj,k (14)
with 3D unit vectors nj,k(j = 1, 2). The pumped charge
current can then be written as
jc,i(x, t) =
4h¯2eJ
V m
∇lS˙
α(x, t)
×
∑
k,ω
f ′ωki
∣∣faj,k,ω∣∣2
(
∂
∂kl
nj,k × nj,k
)α
. (15)
We find that, to obtain nonzero current, ∂∂klnj,k 6= 0 is
necessary. This condition means that the direction of
the triplet vector depends on the wavevector k. Namely,
rotating the triplet vector induces the change of k, which
indicates that dynamics of the triplet vector leads to that
of the Cooper pair. Therefore, this condition confirms the
intuitive picture we have presented above.
To estimate the current, we consider transparent in-
terface between ferromagnet and triplet superconductor
such that the proxmity effect is sufficiently strong and the
Green’s function in the ferromagnet has the same form
as that in the bulk superconductor:
faj,k,ω =
dj,k
(ω − iγ)2 − ξ2 −∆2k
, (16)
with ∆2k = (d1,k)
2+(d2,k)
2 where γ is the impurity scat-
tering rate. Then, the charge current can be estimated
as
jc,i(x, t) ∼= −
h¯2eνJ
V m
∇lS˙
α(x, t)
×
〈
ki(dj,k)
2
(γ2 +∆2k)
3/2
(
∂
∂kl
nj,k × nj,k
)α〉
FS
(17)
at zero temperature where ν is the density of states
at the Fermi level and 〈...〉FS means the average over
the Fermi surface. As an example, let us consider he-
lical p-wave superconductivity as d1,k = ∆0,n1,k =
1/ |k| (ky,−kx, 0), d2,k = 0, and n2,k = 0 which would
be realized in non-centrosymmetric superconductor.22
Then, assuming cylindrical Fermi surface, we have the
pumped current flowing in x-direction of the form
jc,x(x, t) =
h¯2eνJ
2mV∆0
∇yS˙
z(x, t) (18)
in the limit of γ → 0. We see that the pumped charge
current flows perpendicularly to the pumped spin cur-
rent (note jzs,y(x, t) ∝ ∇yS˙
z(x, t)) as illustrated in Fig.
41. As an example of the ferromagnet, we consider conical
ferromagnet characterized by S(x, t) = S(a, cos(q · x −
Ωt), sin(q · x− Ωt)) where q is a 3D vector which deter-
mines the spin structure, and a and Ω are real constants.
The charge current flowing in x-direction then becomes
jc,x(x, t) =
h¯2eνJ
2mV∆0
SΩqy sin(q · x− Ωt). (19)
Now, let us comment on the relevance of our results to
SU(2) gauge field. It has been shown that the charge and
spin currents in inhomogeneous magnetic structure with
dynamical spin are associated with SU(2) gauge field.23,24
In analogy with the SU(2) gauge field in inhomogeneous
magnetic structure with dynamical spin, we introduce
the SU(2) gauge field by triplet spin structure. Then,
the component of the SU(2) gauge field perpendicular to
the adiabatic component nk reads
23,24
A⊥j,k,µ =
1
2
nj,k ×
∂
∂kµ
nj,k. (20)
Hence, we can represent the pumped charge current in
terms of the SU(2) gauge field projected on U(1) as
jc,i(x, t) = −
8h¯2eJ
V m
∇lS˙
α(x, t)
×
∑
k,ω
f ′ωki
∣∣faj,k,ω∣∣2 (A⊥j,k,l)α . (21)
We see that the charge current is driven by the gauge
field. However, since this current is also driven by dy-
namical spins, it has a dissipative nature (it is not a su-
percurrent). In the strong coupling limit, only the adi-
abatic component of the SU(2) gauge field, namely that
projected on nk, couples to the charge.
23 In contrast,
here the component perpendicular to nk contributes to
the charge current.24,25
In this paper, we have considered charge pumping in
ferromagnet/triplet superconductor junctions. However,
our results are also applicable to ferromagnetic super-
conductors where ferromagnetism and triplet supercon-
ductivity coexist in the bulk. If a ferromagnetic super-
conductor has some inhomogeneity such as domain wall
structure, charge pumping would occur by applying ac
magnetic field.
In summary, we have investigated charge pumping in
ferromagnet/triplet superconductor junctions where the
magnetization of the ferromagnet is inhomogeneous and
dynamical. It has been shown that charge current is
pumped due to the coupling of the localized spins with
triplet vector chirality. This can be also interpreted as
a result of the coupling between the pumed spin current
and the triplet vector chirality. Physical mechanism of
the charge pumping has been also presented.
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